The glucagon-like peptide 1 (GLP-1) system is a recently established target for type 2 diabetes treatment. In addition to regulating glucose homeostasis, GLP-1 also reduces food intake. Previous studies demonstrate that the anorexigenic effects of GLP-1 can be mediated through hypothalamic and brainstem circuits which regulate homeostatic feeding. Here, we demonstrate an entirely novel neurobiological mechanism for GLP-1-induced anorexia in rats, involving direct effects of a GLP-1 agonist, Exendin-4 (EX4) on food reward that are exerted at the level of the mesolimbic reward system. We assessed the impact of peripheral, central, and intramesolimbic EX4 on two models of food reward: conditioned place preference (CPP) and progressive ratio operant-conditioning. Food-reward behavior was reduced in the CPP test by EX4, as rats no longer preferred an environment previously paired to chocolate pellets. EX4 also decreased motivated behavior for sucrose in a progressive ratio operant-conditioning paradigm when administered peripherally. We show that this effect is mediated centrally, via GLP-1 receptors (GLP-1Rs). GLP-1Rs are expressed in several key nodes of the mesolimbic reward system; however, their function remains unexplored. Thus we sought to determine the neurobiological substrates underlying the food-reward effect. We found that the EX4-mediated inhibition of food reward could be driven from two key mesolimbic structures-ventral tegmental area and nucleus accumbens-without inducing concurrent malaise or locomotor impairment. The current findings, that activation of central GLP-1Rs strikingly suppresses food reward/motivation by interacting with the mesolimbic system, indicate an entirely novel mechanism by which the GLP-1R stimulation affects feeding-oriented behavior.
Introduction
The worldwide obesity epidemic has prompted an urgent need to increase understanding of the neurobiological mechanisms underpinning overeating with an ambition to develop effective treatments for obesity and eating disorders. Eating beyond immediate metabolic need is a key component of weight gain leading to obesity. High-calorie palatable foods can reinforce their own intake by increasing their rewarding value and by increasing the pleasure associated with eating (Zheng et al., 2009a) . Therefore, effective future obesity treatments should ideally impact on food-reward behaviors. The neurobiology underlying foodreward behavior is just emerging, with a clear role for established reward-associated neurotransmitters, such as dopamine, alongside recently discovered roles for nontraditional, metabolic targets that include gut hormones like ghrelin, cholecystokinin, polypeptide Y, and fat-derived leptin (see Fulton, 2010, for review) .
Glucagon-like peptide 1 (GLP-1) is secreted from the intestinal tract in response to nutrients and is also produced in the nucleus of the solitary tract (NTS) of the brainstem with projections throughout the CNS. It has captivated interest due to its incretin (aiding the action of insulin) and anorectic effects (Turton et al., 1996; Holst, 2007) . The GLP-1 analog, Exendin-4 (EX4), a highly selective GLP-1 receptor (GLP-1R) agonist (Thorens et al., 1993 ) is a rapidly emerging novel diabetes treatment. It is now also evaluated as a potential obesity treatment due to its beneficial effects to reduce food intake and body weight. Interest in GLP-1 as a potential overeating/obesity treatment is further prompted by data showing elevated levels of GLP-1 following gastric bypass, both in human patients (Laferrère et al., 2007) and in rat models (Zheng et al., 2009b) . Little is known about the central mechanisms behind the anorectic effects of GLP-1. To date, research has focused primarily on the impact of this peptide on the homeostatic brain circuits that include well established areas involved in metabolic control, the arcuate and paraven-tricular nuclei of the hypothalamus (McMahon and Wellman, 1998) , and the brainstem NTS (Hayes et al., 2009) .
The GLP-1R, a stimulatory G-protein receptor (Takhar et al., 1996) , is expressed in several discrete CNS nuclei including the hypothalamus and hindbrain (Merchenthaler et al., 1999) . Importantly, GLP-1Rs are expressed in key brain areas controlling reward and motivated behaviors that include the ventral tegmental area (VTA) and the nucleus accumbens (NAc) (Merchenthaler et al., 1999) ; their role within these brain areas, however, remains largely unknown. Given the rapid and widespread use of EX4 and its potential to cross the blood-brain barrier and gain access to brain parenchyma (Kastin and Akerstrom, 2003) , it is of considerable interest to determine the function of this peptide in brain areas other than those involved in homeostatic and metabolic control.
In this study we provide the first evidence that EX4 regulates food-motivated behavior and food reward. To assess the importance of central circuitry for this effect, we determined the effects of central delivery of EX4 on food motivation. We also studied the neurobiological substrates underpinning these effects by evaluating the direct action of EX4 on key mesolimbic nodes, the VTA and the NAc.
Materials and Methods
Animals. Male Sprague Dawley rats, weighing 250 g at the start of the experiments, were supplied by Charles River. Lights were turned on at 6:00 A.M. and off at 6:00 P.M. Experimental testing commenced at 10:00 A.M. All experiments were approved by the Göteborg University Institutional Animal Care Committee (ethical permissions 334 -04 and 336 -09).
Drugs. EX4 and Exendin-3 (9 -39) (EX3) were purchased from Tocris Bioscience, dissolved in saline [vehicle for intraperitoneal (IP) administration] or artificial CSF (vehicle for all central injections), and stored as aliquots in Ϫ20°C. EX4 is a long-lasting analog of GLP-1 and a full agonist at the GLP-1R (Thorens et al., 1993) . EX3 is a selective antagonist at the GLP-1R (Thorens et al., 1993) . Studies with radiolabeled EX4 showed an identical distribution pattern of binding sites as those shown with GLP-1 in the CNS (Göke et al., 1995) .
Behavioral testing. To test the role of GLP-1 stimulation in foodmotivated behavior and food reward, we used two behavioral models typically used to measure behavioral properties of addictive drugs, the progressive ratio (PR) operant conditioning test (Hodos, 1961) and the conditioned place preference (CPP) paradigm. The first task is a well established test for alterations in motivated behavior (Hodos, 1961) ; the higher the motivation to obtain the rewarding substance, the harder the rat is willing to work (press a lever) for it. In the CPP task, the animals spend more time in an environment previously paired with a reward reinforcer, in this case, a chocolate pellet.
Operant conditioning. Food-induced operant conditioning training and testing were conducted in rat conditioning chambers (30.5 ϫ 24.1 ϫ 21.0 cm; Med-Associates). Each chamber had a metal grid floor, two retractable levers with white light bulbs above them, and a food pellet dispenser that can deliver 45 mg of sucrose pellets (Test Diet, GlaxoSmithKline) to the food tray. Data collection and processing were controlled by MED-PC software. Rats were trained to press a lever for a 45 mg sucrose reward. Training: The procedure used for operant conditioning was adapted from la Fleur et al. (2007) and Skibicka et al. (2011 Skibicka et al. ( , 2012 . All rats were subjected to a mild food restriction paradigm during which their initial body weight was gradually reduced to 90% over a period of 1 week. For experiments in which cannulated rats were used, the training commenced 1 week after the surgery. Training was conducted in four stages: rats were first trained on fixed ration (FR) 1 schedule (single press on the active lever ϭ delivery of one sucrose pellet), followed by FR3 and FR5 (3 and 5 presses per one pellet, respectively), where a minimum of 50 responses per session on the active lever was required for the advancement to the next schedule, culminating with PR conditioning until stable responding was achieved. Operant response testing was performed after the responses stabilized (number of pellets earned per session did not differ more than 15% for three consecutive sessions). Rats received the drug injection early in the light cycle after partial (10 g of chow available) overnight food restriction (unless otherwise stated). This paradigm was chosen to avoid the confounding effect of a variable overnight food intake on the lever pressing and provide a reliable motivation to work for sucrose, which was hypothesized to be subsequently attenuated by EX4.
For each experiment, the following conditions were used: (1) For IP drug application: vehicle, 0.3 g/kg EX4, 2.4 g/kg EX4, injections at 1 ml/kg. Conditioned place preference. The CPP test was performed in satiated rats (n ϭ 18) using an apparatus comprised of two connected chambers with distinct visual and tactile qualities. Initial preference for one chamber was assessed on the first day during a 20 min pretest, and the least preferred compartment was subsequently paired with rewarding/palatable food (chocolate pellets; Ms, Marabou, Kraft Foods). The preferred chamber was paired with less-rewarding food (normal chow). The pretest was followed by 20 conditioning sessions (two sessions per day). One day following the last conditioning session, rats were injected IP with vehicle (saline) or EX4 (0.3 g/ml injected at 1 ml/kg) at 10 min before being placed in the CPP apparatus for 10 min. The CPP test informs on how rewarding the rat finds the palatable food. During the CPP test, rats do not have access to food, enabling dissociation of the intake of palatable food from the reward evaluation process. The behavior of the animals was recorded and time spent in each compartment was determined by visual analysis of a video recording.
Chow intake and body weight. Home cage chow intake was measured after EX4 injection into the VTA or the NAc. Rats were placed in their home cages immediately after the operant conditioning experiment with preweighed chow, and chow was weighed after 1 h and 24 h. Body weight measurement was taken immediately before injection and 24 h postinjection.
Motor activity measurements. For motor activity measurements (after VTA and NAc EX4 microinjections), rats were placed in chambers 60 min before VTA or NAc EX4 (0.1 g/0.5 l) injection and 60 min spontaneous X-Y plane and rearing postinjection activity were measured and analyzed in 10 min bins. Food was not available during this test.
Pica response. To investigate whether EX4 microinjection into VTA or NAc induces malaise, the pica response was measured after EX4 VTA and NAc microinjections. The pica response assesses the consumption of non-nutritive substances (here, kaolin pellets; Research Diets) following administration of potential nausea-inducing agents (Mitchell et al., 1976; Takeda et al., 1993 ). An increase in kaolin consumption indicates malaise. Chow intake was also measured here to confirm that the EX4 injections evaluated for pica were effective at reducing intake. All rats were exposed to kaolin before the test day, and all were confirmed to have tasted the compound before testing.
Brain cannulation. For behavioral studies targeting the CNS, in separate experiments, a lateral, third ventricle (ICV), VTA or NAc guide cannula was positioned and attached to the skull with dental acrylic and jeweler's screws and closed with an obturator, as described previously (Skibicka et al., 2011 (Skibicka et al., , 2012 . Briefly: a third ventricular guide cannula (26 gauge, Plastics One; coordinates: on the midline, 2.0 mm posterior to bregma, and 5.5 mm ventral to dura mater, with injector aimed 7.5 mm ventral to the dura); lateral ventricular guide cannula (coordinates: Ϯ1.6 mm from the midline, 0.9 mm posterior to bregma, and 2.0 mm ventral to dura mater, with injector aimed 4.0 mm ventral to the dura); VTA guide cannula [Ϯ0.75 mm from the midline, 5.7 mm posterior to bregma, and 6.5 mm ventral from the surface of the skull, with injector aimed 8.0 mm ventral to skull (for the dose control site the injector was aimed 6.5 mm ventral to skull)]; NAc shell guide cannula (Ϯ0.75 mm from the midline, 1.7 mm anterior to bregma, and 6.0 mm ventral to skull, with injector aimed 7.5 mm ventral) were implanted under isoflurane anesthesia. The microinjection site for VTA and NAc guide cannula was verified postmortem by microinjection of India ink at the same microinjection volume (0.5 l) used throughout the study. Only rats with the correct placement were included in the data analysis. The VTA was chosen as a target since all motivated behaviors including motivation for food are under tight control of the mesolimbic system. The VTA is the key source of dopamine neurons projecting to a range of mesocorticolimbic targets. One mechanism by which EX4 may control motivated behavior for food is by affecting the activity of VTA neurons via a direct action on the VTA. Indeed, GLP-1Rs are present in the VTA; their physiological function, however, has remained unexplored. The NAc was chosen here as it contains GLP-1Rs and it is one of the crucial terminal sites for the VTA dopamine projections that regulate reward-motivated behavior. Because dopamine transmission can also be regulated presynaptically at the sites of release and GLP-1Rs are also detected in the shell of NAc, we explored the possibility that NAc represents another mesolimbic direct target for EX4 action on motivated behavior.
Statistics. All statistical analysis was performed using GraphPad Prism software.
Results

EX4 decreases food-reward and food-motivated behavior
Rats responding for a sucrose reward (45 mg pellet) under a PR reinforcement schedule (i.e., a schedule in which the number of presses required to obtain a single sucrose pellet increases progressively) were treated with a selective, long-lasting GLP-1R agonist, EX4 (0.3 and 2.4 g/kg) at 10 min before placement in the operant boxes. The doses were chosen based on Hayes et al. (2008) . Intraperitoneally administered EX4 significantly decreased food-reward behavior as measured by sucrose motivation through the entire period of the test Next we investigated the impact of GLP-1R stimulation in a complementary test of food-reward behavior-the food-induced CPP, in which a rat shows a preference for a chamber previously paired with palatable food (1 g chocolate pellets) over a chamber previously paired with regular chow. Rats injected with EX4 (0.3 g/kg, i.p.) at 10 min before the CPP test lost preference for the chocolate-paired chamber seen in the vehicle-treated group (Student's t test, p Ͻ 0.05, Fig. 1 B) . Overall locomotor activity during the CPP was not altered by the treatment (Fig. 1C) .
Following the peripheral administration experiments, we sought to determine whether the site of action for EX4 suppression of food-reward behavior is central; rats were acutely injected centrally (ICV) with EX4 at 10 min before the sucrose reinforced PR operant conditioning. Central EX4 treatment significantly reduced operant behavior at several doses and at all time points tested (one-way ANOVA for each time point: 10 min: F (5,24) ϭ 7.0, p Ͻ 0.0005; 30 min: F (5,24) ϭ 7.3, p Ͻ 0.0005; 60 min: F (5,24) ϭ 8.5, p Ͻ 0.0005; 120 min: F (5,24) ϭ 8.52, p Ͻ 0.0001; Figure 2 ). It is important to note that GLP-1R stimulation, via both IP and ICV drug administration, has previously been shown to reduce the rate of gastric emptying (Schirra and Göke, 2005) . Although during the experiments performed here the rats were food restricted, thereby reducing the chance of gastric emptying reduction contributing to observed responses, we cannot entirely eliminate the possibility that reduced emptying rate induced by EX4 has contributed to effects observed.
Collectively, the data from the CPP and operant-responding tests support a striking role for EX4 stimulation in food-reward behavior.
Central EX4 decreases food-motivated behavior through GLP-1R stimulation
To confirm that the reduction in food-motivated behavior by EX4 is mediated through the CNS GLP-1R, the impact of pretreatment with a selective GLP-1R antagonist (EX3, 20 g ICV in 1 l; Thorens et al., 1993) on central EX4-induced (0.2 g in 1 l, Figure 1 . GLP-1 receptor stimulation with EX4 decreased food-reward behavior. The effects of intraperitoneal injection of EX4 on PR operant responding for sucrose and the ability of chocolate to condition a place preference were tested. A, EX4 decreased number of sucrose rewards earned in an operant lever-pressing paradigm. ***p Ͻ 0.0005, compared with vehicle using Tukey test; n ϭ 16 -48 per group. B, Preference for the chamber paired to palatable food was attenuated by EX4 treatment. The increased preference (% CPP) was calculated using the following formula: [(test Ϫ pre-test)/(total time Ϫ pre-test)] ϫ 100. *p Ͻ 0.05, comparing vehicle to EX4 using Student's t test. C, Exploratory activity was not altered by the EX4 treatment during the CPP test; n ϭ 9 per treatment group. Data represent mean Ϯ SEM. Central (ICV) administration of EX4 is sufficient to decrease food-motivated behavior in PR operant responding for a sucrose reward paradigm. *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.0005 comparing vehicle to each EX4 dose using the Tukey test after obtaining a significant main effect by one-way ANOVA for each time point; n ϭ 2-10. Data represent mean Ϯ SEM.
ICV) reduction in sucrose operant behavior was tested. Two-way ANOVA revealed a significant interaction between pretreatment ϫ EX4 (F (1,28) ϭ 9.62, p Ͻ 0.005; Fig. 3 ). The dose of EX3 chosen did not produce effects per se when administered alone, enabling a reliable interpretation of an interaction with EX4. An effect of EX3 alone was also unlikely in this paradigm given that rats were partially food restricted, a state of low endogenous GLP-1 levels. The dramatic reduction in the number of rewards earned with EX4 ( post hoc Tukey test, p Ͻ 0.0001) was abolished by central EX3 pretreatment.
The VTA is a direct site of action for EX4-driven food-motivated behavior and food intake To test whether the VTA is a target for the regulation of food reward by EX4, we assessed the effects of microinfusion of EX4 (0.01, 0.03, and 0.1 g in 0.5 l) into the VTA on sucrosemotivated behavior in the PR operant responding paradigm. Based on the ICV study results, the doses were chosen to be subthreshold (0.01 and 0.03 g) and just suprathreshold (0.1 g) when administered ICV. VTA EX4 treatment significantly reduced operant behavior at 0.03 and 0.1 g doses and at all time points tested (one-way ANOVA, 10 min: F (2,14) ϭ 8.8, p Ͻ 0.005; 30 min: F (2,14) ϭ 9.3, p Ͻ 0.001; 60 min: F (2,14) ϭ 10.7, p Ͻ 0.0005; 120 min: F (2,14) ϭ 8.8, p Ͻ 0.005; Figure 4C ) without producing significant changes in activity at the inactive lever (data not shown). The lowest dose (0.01 g) was tested in a separate group of rats. Even though strong trends were detected (n ϭ 7; 7.4 Ϯ 0.4 vs 5.2 Ϯ 1.0 for vehicle and EX4, respectively, p ϭ 0.07 on 1 h chow intake and 9.3 Ϯ 0.7 vs 8.8 Ϯ 0.6, p ϭ 0.14 on 120 min rewards earned), no significant effect of this dose was noted. Thus 0.03 g was the lowest effective dose used for VTA injection. To confirm that the effects of EX4 were specific to the VTA and not due to nonspecific diffusion of the drug to surrounding regions, we microinjected the highest dose of EX4 tested in the VTA (0.1 g in 0.5 l) in a site 2.0 mm dorsal to the VTA. This control site was chosen based on the assessment of the ink diffusion in the VTA targeted injections. The small amount of ink rarely found outside of the VTA was located dorsally to the VTA. No effects of EX4 were detected in that paradigm (n ϭ 6; 8.5 Ϯ 0.5 vs 7.4 Ϯ 0.4 for vehicle and EX4, respectively, p ϭ 0.3 on 1 h chow intake and 9.7 Ϯ 1.2 vs 9.5 Ϯ 1.3, p ϭ 0.14 on 120 min rewards earned). This highlights the specificity of the injection by demonstrating that the highest dose effective in both the VTA and the NAc in reducing reward behavior and chow intake was not effective when microinjected into a control region 2.0 mm dorsal to the VTA.
Given the uncharted nature of the VTA GLP-1R population and the established role of GLP-1 in the control of food intake, we also assessed chow intake behavior immediately subsequent to operant testing for a period of 1 h and 24 h. Both the 1 h (one-way ANOVA, F (2,15) ϭ 7.8, p Ͻ 0.005; Fig. 4 B) and the 24 h (one-way ANOVA, F (2,15) ϭ 111.6, p Ͻ 0.0001; see Fig. 6 A) chow intake were significantly decreased in animals microinjected with EX4 into the VTA. Only the higher dose produced a significant response at 1 h (post hoc Tukey test, p Ͻ 0.005), although both doses were effective at the 24 h time point. Body weight was significantly reduced by the EX4 VTA treatment at the 24 h time point (one-way ANOVA, F (2,15) ϭ 83.3, p Ͻ 0.0001; Fig. 6 B) .
We also determined, in a separate experiment, the effect of VTA EX4 injections on 60 min locomotor activity and exploration (rearing) activity outside of the operant testing chambers, without access to food. Neither locomotor activity nor rearing was altered by VTA EX4 microinjection (Fig. 4 D, E) at a dose that significantly decreased both chow intake and operant behavior when microinjected into the VTA. Collectively, these data indicate that VTA GLP-1R signaling plays a pivotal role in food reward and food intake.
Food-motivated behavior, food intake, and spontaneous activity are altered by microinjection of EX4 into the NAc
To determine whether NAc GLP-1-expressing cells are a direct target for EX4, we microinjected EX4 (0.03 and 0.1 g in 0.5 l) into the shell of the NAc and, as above, measured PR operant behavior for sucrose, chow intake and, in a separate test, spontaneous locomotor activity. Direct NAc GLP-1R stimulation with EX4 suppressed operant responding at all time points (one-way ANOVAs, 10 min: F (2,15) ϭ 3.8, p Ͻ 0.05; 30 min: F (2,15) ϭ 7.2, p Ͻ 0.005; 60 min: F (2,15) ϭ 8.2, p Ͻ 0.005; 120 min: F (2,15) ϭ 10.0, p Ͻ 0.0005; Fig. 5C ) without producing significant changes in activity at the inactive lever (data not shown). In contrast to the results obtained for VTA microinjection, only the higher dose produced a significant change in motivated behavior for sucrose, suggesting that this nucleus is less sensitive to EX4 effects on food reward. Chow intake was also decreased in the EX4 treatment group, only with the higher dose at 1 h (F (2,14) ϭ 6.9, p Ͻ 0.005; Fig. 5B ) and 24 h time point (F (2,15) ϭ 9.8, p Ͻ 0.0005; Fig. 6C ). No significant body weight reduction was found at 24 h postinjection (Fig. 6 D) . In contrast to effects of EX4 microinjection into the VTA, NAc EX4 reduced locomotor activity and rearing for a 10 min period, 10 min postinjection ( p Ͻ 0.05, Fig. 5 D, E) . Locomotor activity during the remaining 50 min was not altered by the treatment. Changes in locomotor activity are often used in addiction research as a correlate of dopamine release from VTA into the NAc (Pijnenburg and van Rossum, 1973) . Orexigenic ghrelin, for example, when injected into the VTA, clearly elevates locomotor activity and accumbal dopamine release (Jerlhag et al., 2007) . Therefore, the brief reduction in locomotor activity found here after NAc GLP-1R stimulation might be indicative of a depression of the NAc dopamine signal. Although left-lever activity after NAc EX4 stimulation was not affected, and the reduction in locomotor activity detected in a separate locomotor test was short lasting (10 min period only), we cannot entirely eliminate the Figure 3 . Central EX4 reduction in food-reward behavior is mediated via GLP-1Rs as pretreatment with a selective GLP-1R antagonist, EX3, abolishes the suppressive effect of EX4 on PR operant conditioning. ***p Ͻ 0.0005 comparing vehicle to EX4 using the Tukey test after detecting a significant interaction of pretreatment with EX4 in two-way ANOVA and a main effect of one-way ANOVA; n ϭ 8. Data represent mean Ϯ SEM.
possibility that this small effect on motor activity contributed to the reduction in rewards earned. The differential effect on activity in the VTA versus NAc also further supports the site specificity of the EX4 injection.
The VTA is a direct site of action for EX4-driven food-motivated behavior and food intake in satiated state To determine whether the food restriction used in the previous paradigms to enhance the food motivation response is required for the reward suppressing and anorexic effects of intra-VTA EX4, food motivation and food intake effects of EX4 microinjected into the VTA were tested in rats allowed to eat ad libitum overnight before injection. In this experimental setup, VTA EX4 treatment significantly reduced operant behavior (one-way ANOVA, 120 min: F (2,13) ϭ 5.2, p Ͻ 0.05; Fig. 7A ), 1 h chow intake (F (2,13) ϭ 3.6, p Ͻ 0.05; Fig. 7C ) and 24 h chow intake (F (2,8) ϭ 8.1, p Ͻ 0.005; Fig. 7D ) with the highest dose significantly reducing food reward and 1 h food intake, and both doses producing a reduction in 24 h intake. Interestingly, if the data on rewards earned by the satiated animals are analyzed with selecting those subjects that presented with a high motivation to work for sugar at their satiated baseline (on the vehicle condition earned 6 or more rewards; n ϭ 6) both doses of EX4 significantly reduce the rewards earned (oneway ANOVA, 120 min: F (2,5) ϭ 5.9, p Ͻ 0.05; Fig. 7B ). Conversely, the subjects displaying a low motivation for sucrose (on vehicle condition earned 5 or less rewards; n ϭ 8) in a satiated state were less responsive to reward reducing effects of EX4 (one-way ANOVA, 120 min: F (2,7) ϭ 2.7, p ϭ 0.10; Fig. 7B ). This could potentially indicate an enhanced sensitivity to the reward-reducing effects of EX4 in high reward responders, i.e., those rats are highly motivated to earn sugar despite their satiated state. cerebralpeduncle; SN, substantia nigra; ml, medial lemniscus. B, VTA microinjection of EX4 produced chow anorexia. **p Ͻ 0.05, comparing vehicle to EX4 using a Tukey test after detecting a significant main effect by one-way ANOVA; n ϭ 16. C, The number of sucrose pellets earned in the PR operant test was significantly decreased by EX4 VTA microinjection. *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.0005 comparing vehicle to each EX4 dose using the Tukey test after detecting a significant main effect of one-way ANOVA for each time point; n ϭ 15. Data represent mean Ϯ SEM. D, E, The number of changes in horizontal and vertical (rearing) spontaneous motor activity was measured after VTA directed EX4 injection; n ϭ 11.
Pica response VTA and NAc-directed EX4 0.1 g dose microinjections produced a significant reduction in 24 h chow intake (F (2,19) ϭ 14.4, p Ͻ 0.0005; F (2,9) ϭ 5.7, p Ͻ 0.05 for VTA and NAc respectively; Figure 8 ) without producing any significant increase in kaolin consumption. These results indicate that mesolimbic GLP-1R stimulation with EX4, at a dose effective in reducing chow intake, is not accompanied by a malaise response.
Discussion
In the present study, we provide several lines of evidence for a previously unexplored role of the central GLP-1R in food reward and food motivation. Whereas previous studies implicated homeostatic hypothalamic and brainstem circuits for the anorexigenic effects of GLP-1R stimulation, we now demonstrate a pivotal role for pathways involved in food-reward behavior, especially mesolimbic reward pathways, in this response. We demonstrate that peripheral administration of a long-acting GLP-1 analog, EX4, suppresses food reward and motivation in rats. This is reflected by our observations that EX4 suppresses the ability of chocolate pellets to condition a place preference and also has a suppressive effect on how hard a rat is willing to work for a sweet reward. These effects are exerted centrally as direct injection of EX4 into the brain ventricles induces a dose-dependent suppression of motivated behavior for a sucrose reward in the operant conditioning paradigm. Specifically, we identify key reward nodes, the VTA and NAc, as direct parenchymal targets of GLP-1R stimulation, as microinjection of EX4 into these areas is sufficient to reduce food-motivated behavior. We confirm mediation via the GLP-1R in these effects as a selective Figure 5 . NAc GLP-1Rs contribute to food intake and reward behavior regulation. The effects of microinjection of EX4 into the NAc on chow intake and PR operant conditioning for sucrose were tested. A, Graphical representation (left) and representative 4 tissue section (right) showing the NAc microinjection site determined with India ink, used in the study. CPu, caudate and putamen; NAccC, nucleus accumbens core, NAccS, nucleus accumbens shell. B, NAc microinjection of EX4 produced chow anorexia. **p Ͻ 0.005, comparing vehicle to each EX4 dose using the Tukey test after detecting a significant main effect by one-way ANOVA; n ϭ 15. C, The number of sucrose pellets earned in the PR operant test was significantly decreased by EX4 NAc microinjection. *p Ͻ 0.05, **p Ͻ 0.005 comparing vehicle to each EX4 dose using the Tukey test after detecting a significant main effect of one-way ANOVA for each time point; n ϭ 16. Data represent mean Ϯ SEM. D, E, The number of changes in horizontal and vertical (rearing) spontaneous motor activity was decreased only 10 -20 min after NAc EX4 injection and unaltered for the remaining 50 min of measurement. *p Ͻ 0.05, **p Ͻ 0.005 comparing vehicle to EX4 using Student's t test; n ϭ 16.
GLP-1R antagonist abolished the effects of EX4 on food-motivated behavior. These data demonstrate that central GLP-1R signaling is necessary for EX4 to exert its effects on food-reward behavior. Collectively, the data presented here identify EX4, the GLP-1R agonist, as a new member of the growing list of homeostatic targets, such as leptin and ghrelin, that have been recently indicated to impact on reward (Fulton, 2010) .
IP and ICV administration of EX4 potently reduced foodreward behavior. However, such a broad route of drug application that allows for diffusion of drugs to many relevant CNS nuclei leaves the central site of action undetermined. Several brain areas provide likely targets for the effects of EX4 and include brainstem and hypothalamic GLP-1R-expressing nuclei previously shown to play a role in GLP-1 anorexia (Schick et al., 2003; Hayes et al., 2009 ) that project to the mesolimbic system (e.g., VTA). In fact, for another peripheral hormone, insulin, despite the presence of insulin receptors in the VTA, only the hypothalamic stimulation was effective in reducing food reward (Figlewicz et al., 2008) . However, our data showing a suppression of operant responding with a direct VTA or NAc EX4 microinjection demonstrate a direct impact of EX4 on these mesolimbic areas. These data are strengthened by our observation that a dose of EX4 that was ineffective at reducing operant responding when applied ICV was effective when applied to the VTA. Although we cannot entirely eliminate the possibility of some injection liquid diffusing outside of the VTA and NAc borders, several attempts have been made to limit this possibility and address this concern. Small injection volume of 0.5 l, previously shown to stimulate mesolimbic NAc shell and separately core selectively (Dossat et al., 2011) , was used. The injection sites were confirmed postmortem using India ink, diffusion of which was carefully analyzed. Last, a control experiment was performed in which EX4 at the highest dose applied to the parenchyma was injected 2.0 mm dorsal from the target site (VTA); no effects of the offsite injections were observed, providing further support for very limited diffusion of the drug in the tissue.
Cells in both the VTA and the NAc clearly express the GLP-1R and receive GLP-1-positive fibers likely coming from the NTS (Merchenthaler et al., 1999; Rinaman, 2010; Alhadeff et al., 2012) . The VTA contains dopaminergic neurons which innervate the NAc, a pathway suggested to play an integral role in reward from food and addictive drugs. Interestingly, recent data suggest that nearly 50% of the VTA dopamine neurons express GLP-1Rs (Toth et al., 2011) , providing an anatomical foundation for the direct action of EX4 on the VTA dopaminergic neurons. The VTA dopaminergic cells project widely throughout the mesocorticolimbic system. Although some metabolic signals that impact on food reward target the VTA-NAc projecting neurons [for example, ghrelin (Abizaid et al., 2006; Jerlhag et al., 2007) ], recent evidence suggests that some metabolic signals target nonaccumbal projecting dopamine neurons. The fat-derived hormone leptin binds to amygdala-projecting VTA dopamine neurons (Leshan et al., 2010) , whereas the hypothalamic anorectic peptide, melanocortin, primarily targets the dopaminergic cells projecting to cortical regions (Davis et al., 2011) . Given this variety of possible projection sites, the dopamine targets of VTA GLP-1R should be explored in future studies. VTA GLP-1R stimulation in overnight ad libitum-fed rats is sufficient to suppress food intake and reward behavior. The effects of microinjection of EX4 into the VTA on chow intake and PR operant conditioning for sucrose in satiated rats were tested. A, The number of sucrose pellets earned in the PR operant test was significantly decreased by EX4 VTA microinjection. B, Number of rewards earned by the satiated animals analyzed by dividing them into those with a high motivation to work for sucrose at their satiated baseline (on the vehicle condition earned 6 or more rewards; n ϭ 6) and those displaying a low motivation for sucrose (on vehicle earned 5 or less rewards; n ϭ 8). These data might indicate an enhanced sensitivity to the reward reducing effects of EX4 in high reward responders, i.e., those rats are highly motivated to earn sucrose despite their satiated state. C, D, VTA microinjection of EX4 reduced free-feeding on chow at both the 1 h and the 24 h time points. *p Ͻ 0.05, **p Ͻ 0.005 comparing vehicle to each EX4 dose using the Tukey test after detecting a significant main effect of one-way ANOVA for each time point; n ϭ 14. Data represent mean Ϯ SEM.
In addition to food reward, selective GLP-1R stimulation in the VTA and the NAc reduced free-feeding on chow at 1 h and at 24 h. At 1 h, EX4 reduced chow intake to nearly 50% of control intake, indicating an important contribution of GLP-1Rs in VTA and NAc to free-feeding behavior. At 24 h after injection, the VTA GLP-1R activation still potently (Ͼ50%) reduced chow intake and body weight gain at both doses tested, whereas NAc shell injection produced a small effect only on chow intake at the highest dose tested, potentially indicating differential sensitivity of those two sites to anorexic effects of GLP-1 stimulation. These results contrast with those obtained for insulin, in which a reduction in free-feeding and food-motivated behavior was modulated by a disparate receptor population (Figlewicz et al., 2008) . Thus, the mesolimbic GLP-1Rs can contribute to both free-feeding and motivated behavior for palatable food. Interestingly, both our data and those of Alhadeff et al. (2012) suggest that VTA activation of GLP-1Rs is more effective at reducing feeding behavior compared with NAc shell. Also, the NAc core seems to be more sensitive to the anorexic effects of GLP-1, because small doses of GLP-1 that reduced chow intake when injected into NAc core were not effective when applied to the NAc shell (Dossat et al., 2011) . Physiological relevance of the GLP-1R activation with the endogenous ligand in the VTA (Alhadeff et al., 2012) and the NAc core (Dossat et al., 2011 ) is suggested by blockade of GLP-1Rs in those sites leading to elevated free-feeding behavior. In contrast, the GLP-1Rs in the shell do not seem to be required for freefeeding behavior. Considering that it is the shell rather than the core region that may be crucial for the control of motivated behavior, the possibility still remains that NAc shell GLP-1Rs contribute to the motivational aspect of feeding rather than the free-feeding.
In contrast to the effects of EX4 microinjection into the VTA, NAc EX4 reduced spontaneous locomotor activity, which could indicate a reduction of dopamine release or alternatively a reduction of activity of neurons targeted by dopamine in the NAc, e.g., the GABAergic medium spiny neurons. Thus, GLP-1R could be located presynaptically on dopaminergic inputs from the VTA or postsynaptically on dopamine projections.
When a substance emerges as an anorectic agent, it is important to establish whether the reduction in food intake is related to activation of satiety mechanisms or mechanisms involving illness/nausea. A considerable body of literature exploring the potential of GLP-1R stimulation to induce illness exists and indicates that the actions on GLP-1R to alter food intake and produce malaise are dissociable. The potential aversion effects of GLP-1 stimulation have been primarily ascribed to GLP-1R-expressing neurons in the central nucleus of the amygdala, as GLP-1R blockade in this area attenuates lithium chlorideinduced illness (Kinzig et al., 2002) . GLP-1 stimulation in other CNS sites [for example, the hypothalamus (McMahon and Wellman, 1998)], does not induce taste aversion responses. Furthermore, current data indicate that the anorexic effect of GLP-1 stimulation in VTA and NAc is not accompanied by a malaise response. The lack of malaise response from mesolimbic EX4 application shown here is consistent with recent findings by Alhadeff et al. (2012) .
The brainstem GLP-1-producing neurons send projections to both VTA and NAc (Rinaman, 2010; Alhadeff et al., 2012) and potentially contribute to the regulation of reward behavior. Nearly a third of NTS preproglucagon neurons project to the VTA and 46% to the NAc shell, providing a source of the endogenous agonist for the mesolimbic targets tested here. Importantly, in addition to endogenous GLP-1, the GLP-1 agonist used here, EX4, is now in widespread use as a therapy for diabetic patients. This drug is applied peripherally and can cross the blood-brain barrier (Kastin and Akerstrom, 2003) . Thus, the impact of peripherally applied EX4 on reward might be of clinical interest considering this large patient population. It is also striking that a major impact of gastric surgery is to elevate GLP-1 levels (Beckman et al., 2010) . This effect, together with our current data, opens up the possibility for future studies evaluating whether GLP-1 provides a link between reduced food cravings and bariatric surgery.
The data presented here provide clear evidence for an impact of GLP-1R on the mesolimbic reward system, focusing especially on their role in food reward. However, the mesolimbic neurocircuitry also plays a crucial role in reward from alcohol or drugs of addiction. The reduction of food-reward behavior and the direct role of mesolimbic GLP-1Rs in this behavior, shown here, open up a field of future research exploring the potential role for GLP-1 or EX4 in alcohol and drug addiction.
Collectively, the effects of GLP-1R stimulation are consistent with a coordinated action on various aspects of food-oriented behavior from food-motivated behavior, food intake (consummatory responses) to satiation. This multitarget activity likely strengthens the overall impact of GLP-1 on feeding by suppressing several aspects of feeding behavior simultaneously. Our data are consistent with the emerging view that metabolism and the reward systems are linked and coregulated, in this case by a GLP-1R-dependent mechanism.
